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Summary
The objective was to determine whether the suckling-induced delay in return to estrus postpartum could be explained by changes in hypothalamic LHRH content or ability of the pituitary to release LH and FSH in response to LHRH or 59 mM K + in vitro. In addition, serum concentrations of several other hormones were measured. Nine Holstein cows were suckled ad libitum by two calves and milked by machine twice daily and eight were milked by machine only from calving until slaughter on day 14 postpartum. On day 13 postpartum, blood was collected at 15-rain intervals from 0815 to 1200 hr and from 2015 to 2400 hours. Suckled cows had lower (P<.05) mean serum LH concentrations on day 13 postpartum than did nonsuckled controls. This decrease resulted from a 60% reduction in frequency and a 40% reduction in amplitude of episodic LH peaks. Suckling did not affect body weight change postpartum or serum concentrations of progesterone, estradiol-17/3, total glucocorticoids, prolactin or FSH during the first 14 days postpartum. The sucklinginduced decrease in serum LH was not reflected by a reduction in hypothalamic LHRH or pituitary LH on day 14 postpartum. However, pituitary explants from suckled cows on day 14 
Introduction
Suckling lengthens the interval of postpartum anestrus and anovulation in dairy (Clapp, 1937; Moiler, 1970) and beef (Oxenreider, 1968) cows, but the mechanism by which suckling causes this effect is unknown. Luteinizing hormone (LH) concentrations increase in serum of cattle within 1 to 2 weeks postpartum because of episodic releases of LH (Schams et al., 1972; Humphrey et aL, 1976) which increase in frequency and amplitude as time of first postpartum ovulation approaches (Goodale et al., 1978) . That these episodic releases of LH may be associated with events leading to first ovulation postpartum is suggested by our observation (Carruthers and Hafs, 1980 ) that suckling, which prolongs the interval to first ovulation, also reduces frequency and amplitude of episodic LH releases in dairy cows. Comparable measures for follicle-stimulating hormone (FSH) are not available for cattle.
We hypothesize that stimuli associated with suckling act at the hypothalamus and(or) pituitary to inhibit episodic LH secretion, and perhaps FSH secretion, thereby delaying onset of ovulatory cycles postpartum. 
Materials and Methods
Animals. Holstein cows were maintained on pasture for 1 month before they calved in May 1977. At parturition, cows were assigned alternately to be suckled ad libitum by two calves (n--9) or nonsuckled (n=8). Each suckled and corresponding nonsuckled cow constituted a treatment pair. The ninth suckled cow was included with the eighth treatment pair. The second calf for the ninth suckled cow was from the Michigan State University dairy herd.
Within 1 to 2 hr of calving, cows were tied in stalls, and calves were removed from those assigned to be nonsuckled and fostered onto the suckled cow of that treatment pair. All fostering of calves occurred within 24 hr of calving of the foster dam and 24 hr of birth of the foster calf, with one exception; i.e., one cow was without a second calf until 60 hr after she calved. The photoperiod was natural, and the diet of the cows consisted of alfalfa hay, corn silage and an 11 to 14% crude protein grain mix designed to meet or exceed NRC (1971) requirements for lactating cows. Cows in both treatments were milked by machine at 0600 and 1800 hr daily. Calves in the suckled group were free to suckle at all times, except during machine milking, from day of birth to approximately .5 hr before slaughter of the cows on day 14 postpartum. Body weights were recorded on days 4, 8 and 12 postpartum as well as on the morning of slaughter. Cows were slaughtered between 0700 and 0800 hr on day 14 postpartum. Fourteen days postpartum is a long enough interval to demonstrate a significant difference in amplitude and frequency of LH secretion between suckled and nonsuckled Holstein cows but is prior to the s Brinkmann Instruments, Westbury, NY. time when nonsuckled cows are expected to resume ovulatory cycles (Carruthers and Hafs, 
1980).
Blood. Blood was collected by venipuncture from a coccygeal vessel before the morning milking on days 4, 7, 8, 12 and 13 postpartum. To assess their change during the postpartum interval, we measured estradiol-1713 and progesterone in serum collected on days 4, 8 and 12 and FSH in serum collected on days 7 and 13. In addition, blood was collected via jugular cannula at 15-rain intervals from 0815 to 1200 and 2015 to 2400 hr on day 13 postpartum. All of these samples were assayed for LH and prolactin, and selected sample were assayed for FSH, glucocorticoids, estradiol-17fl and progesterone (see table 1 for details). Episodic LH peaks were identified subjectively by inspection of graphs of the LH data for individual cows. An episodic LH peak was defined as a discrete and abrupt increase in serum LH concentration to more than twice the basal LH concentration for that animal. Overall mean LH concentration, number of LH peaks per 4-hr sampling period and mean amplitude of the peaks were calculated for both the am and pm sampling periods. Data for each criterion were analyzed by two-way analysis of variance.
Hypotbalamus. At autopsy, the brain was removed, and a block of tissue containing the pituitary stalk, hypothalamus and preoptic area was excised, cleaned of blood and meningeal membranes, then frozen on Dry Ice within 20 rain of slaughter. Blocks of frozen tissue were subsequently trimmed as follows: posterior -at the junction formed by the mammillary bodies and pons; lateral -along the groove separating the cerebral peduncles and hypothalamus; anterior -5 mm anterior to the rostral border of the optic chiasma, and dorsal -7 mm dorsal to the plane of the median eminence. This block was subdivided into three parts by a transverse cut just anterior to the optic chiasma and a second cut 5 mm caudal to the first. The three blocks thus formed (rostral to caudal) were called the preoptic area (PO), anterior hypothalamus (AH) and medial basal hypothalamus (MBH). The latter included the infundibular stalk.
Tissues were weighed and then homogenized in 10 (PO and AH) or 15 ml (MBH)ice-cold 2N acetic acid with a Polytron tissue homogenizer (two 30-sec intervals at highest speed; type PT 10 ODS). Homogenates were centrifuged for 10 min at 10,000 x g, and the super-natant fluid was decanted and frozen (-60 C) until assayed for LHRH. Each extract was assayed at five dilutions, and all extracts were assayed in a single assay.
Pituitary. Pituitaries were removed from the sella turcica and sectioned mid-sagittally, and the anterior pituitary tissue was dissected free and weighed. One-half of each anterior pituitary was frozen (-60 C) until assayed for LH, FSH and prolactin. The remaining pituitary half was immediately used to study the in vitro release of LH and FSH.
Pituitary tissue was thawed and an aliquant was weighed (150 to 200 mg), then homogenized in 5 ml of sodium carbonate (.05 M) buffer containing 18.6 g/liter ethylenedinitrilotetracetic acid disodium salt (EDTA, pH 10.0) with a polytron tissue homogenizer (three 5-sec intervals at highest speed). The homogenizer was washed four times each with 5 ml buffer and the washings were pooled with the homogenate in a 50-ml test tube. Homogenates were shaken overnight at 4 C, the pH was reduced to 8.5 with 1N HCI and extracts were centrifuged at 2,000 x g for 30 minutes. Supernatant fluids were decanted and frozen until assayed for LH, FSH and prolactin.
Pituitary tissue for in vitro superfusion was sliced in the saggittal plane (1 mm) and the slices were diced with a scalpel blade into approximately l-ram 3. Explants were superfused by procedures similar to those described by Zolman and Convey (1972) . The medium was Krebs-Ringer bicarbonate buffer (KRB, pH 7.2) containing .1% glucose and with a K + concentration of 5.9 millimoles. Medium flow was .37 + .03 ml/min. LHRH (25 ng/ml) or K + (59 mM) was included in the medium during a 30-min challenge period. These doses had previously been found to cause maximal LH release (E. M. Convey, unpublished observations) . The rationale for choosing these stimuli was that LHRH causes LH release via a receptor-mediated mechanism and K + causes LH release by cell membrane depolorization. Therefore, differences between LH secretory responses to LHRH and K + should provide insight into the functional status of the pituitary LHRH receptor system. There were four replicate chambers per challenge per animal, and each superfusion contained tissues from both cows of a treatment pair. Superfusions began within 90 min after the death of the donor animals. Effluent medium was not collected during a 2-hr equilibration period.
Thereafter, medium was collected at 5-min intervals for 30 min before challenge, during the 30-min challenge period and for 90 min following the challenge. Fractions saved for assay of LH and FSH included those collected during intervals beginning at -30, -20, -10, 0, 5, 10, 15, 20, 25, 35, 45, 55, 70, 85, 100 and 115 min relative to onset of the challenge at time 0. Because of the problem with the superfusion apparatus, data from one superfusion (one suckled and one nonsuckled cow) were lost. Total anterior pituitary tissue weight per chamber averaged 37.5 + 1.2 mg (n--56) for nonsuckled cows and 38.2 + 1.3 mg (n=64) for suckled cows.
Hormone Assay. Prolactin, LH and progesterone were measured by previously described double antibody radioimmunoassays (Tucker, 1971; Convey et al., 1976 Convey et al., , 1977 . LHRH was assayed with antiserum (R-42) characterized by Nett et al. (1973) and by procedures described previously by Estes et al. (1977) . Total serum glucocorticoids were determined by competitive protein binding assay (Smith et al., 1973) . Estradiol-173 was measured by radioimmunoassay (Carruthers and Hafs, 1980) . Bovine FSH was quantified by a homologous radioimmunoassay (Appendix A).
Statistical Analyses. Statistical analyses of hormone concentrations were performed by double split-plot analysis of variance with repeated measures over time (Gill, 1978a) . Homogeneity of variance was tested and data were transformed to natural logarithms where appropriate. Treatment means were compared by F-tests of orthogonal contrasts, Student's-t test or Scheffe's interval (Gill, 1978b) as appropriate.
Results
Body weight at slaughter (4.91 + 17 vs 4.62 + 19 kg) and percentage change in body weight between parturition and slaughter (.4. + .8 vs -.1 + 1.2%) did not differ (P>.IO) between cows that were suckled and machine milked and those that were milked by machine only. Milk removed by machine milking averaged 5.9 +-1.7 kg/day for suckled cows and 20.8 + 1.1 kg/day for nonsuckled cows. Suckling frequency was estimated by observation during the intervals 0800 to 1200 and 2000 to 24.00 hr; each cow was observed for an average of 26 + 4-hours. The calculated suckling frequency involving either one or both calves was 9.9 • 1.0 episodes per 24 hours.
Serum Hormones. Cows that were suckled and machine milked had lower LH concentrations in serum collected on day 13 postpartum than did nonsuckled controls (table 1) . The lower LH concentration in suckled cows resuited from a lesser (P<.05) frequency (.9 • .2 vs 2.1 + .2 peaks/4 hr) and amplitude (1.8 • .1 vs 3.1 • .9 ng/ml) of episodic LH peaks than for nonsuckled cows. LH secretion from 0815 to 1200 hr did not differ from that from 2015 to 2400 hours.
Serum FSH concentrations on day 13 postpartum are shown in figure 1. There was no time of day effect, and mean FSH concentration in serum from suckled cows did not differ from that of nonsuckled cows (table 1). Serum from coccygeal vessel blood collected on days 7 and 13 postpartum had mean FSH concentrations of 65.2 • 7.6 and 66.6 • 12.6 ng/ml for cows that were suckled and milked by machine and 56.2 • 6.3 and 66.1 + 7.8 ng/ml for cows that were nonsuckled; differences due to day postpartum or suckling were not significant. Time of Day (hr) Figure I . Concentrations of follicle-stimulating hormone (FSH) in serum collected on day 13 postpartum from cows that were suckled (S-2X) and milked by machine and those that were milked by machine only (NS-2X (table 3) was not affected by suckling, and in both treatments over 95% of the LHRH was contained in the medial basal hypothalamus.
In Vitro Pituitary Gonadotropin Secretion.
Analysis of variance revealed that pituitary explants from nonsuckled cows released more LH (P<.01) in response to both LHRH and CWet weight in grams of anterior pituitary (decapsulated).
K + than did explants from suckled cows (figure 2). When averaged over treatment groups, total LH released in response to LHRH and K + challenges did not differ, but LH release due to LHRH did not decrease as rapidly as that caused by K + (P<.01). Ability of pituitaries from suckled and nonsuckled cows to release LH was independent of the secretagogue used; there was no signifiant interaction between treatment (suckled versus nonsuckled) and challenge (LHRH versus K+).
FSH contents of superfusion fractions collected starting at 25, 55, 85 and 115 min after the start of the in vitro challenge are summarized in figure 3 . Quantity of FSI-I released was not affected by the type of challenge (LHRH versus K +) or the in vivo treatment (suckled versus nonsuckled). There was, however, a time x challenge interaction (P<.001) resulting from a less abrupt and a more prolonged FSI-I release following LHRH stimulation.
Discussion
Increased frequency and amplitude of episodic LH releases herald first ovulation postpartum in milked dairy (Goodale et al., 1978) and suckled beef cows (Corah et al., 1975) . Carruthers and Hafs (1980) observed that freqency and amplitude of episodic LH releases in Holstein cows suckling one calf were 50% less than those in nonsuckled controls and that interval from parturition to first eTissue blocks extended laterally on each side to the lateral sulci or 6 mm, whichever was least, and to a depth of 5 to 6 millimeters. ovulation was doubled by suckling. Results of the present experiment demonstrate a similar effect of two suckling calves on LH secretion. These observations are consistent with the view that suckling delays postpartum ovulation by delaying resumption of episodic LH secretion. The question now becomes, how does suckling cause this effect?
Episodic release of LH is probably caused by LHRH released from the hypothalamus. Therefore, it was of interest to determine whether the decrease in LH secretion caused by suckling was due to a decrease in hypothalamic LHRH content. In addition, Minaguchi and Meites (1967) had reported that bioassayable LHRH content was lower postpartum in lactating rats than in nonlactating rats, suggesting that availability of LHRH may have been limiting to resumption of estrous cycles. But in contrast to those results with rats, we found no difference in total content or gross distribution of radioimmunoassayable LHRH in hypothalami from suckled and nonsuckled cows. Therefore, the amount of LHRH available in the hypothalamus probably does not limit resumption of LH secretion in postpartum cows. We recognize, however, that measurement of total gland content does not provide information regarding LHRH release and that differences in challenge (solid bar) by pituitary explants from cows that were suckled and milked by machine and those that were milked by machine only. Cows were killed on day 14 postpartum. All fractions collected were assayed for LH.
biologically active LHRH might not be detected by radioimmunoassay. Possibly, the decrease in LH secretion caused by suckling results from a decrease in the ability of the pituitary to respond to LHRH during the postpartum interval. Results of the present experiment clearly demonstrate that pituitary explants from cows that were suckled and machine milked released less LH in response to LHRH or K + than did explants from ~nonsuckled cows. Decreased LH release in suckled cows must result from lower quantities of "releasable" LH, since LH content did not differ between pituitaries from suckled and nonsuckled cows. Since LHRH and K + caused equivalent LH release within suckling treatment, a deficiency of pituitary LHRH receptors in suckled cows probably does not account for the reduced quantity of releasable LH in these cows, unless number of LHRH receptors controls the size of the releasable LH pool. Foster (1978) reported that a "priming" injection of LHRH increased the LH response to a second injection of LHRH in dairy cows. We (Padmanabhan et al., 1980) recently reported that LHRH "priming" of the bovine pituitary can be demonstrated in ~itro. Thus, quantity of LH released from bovine anterior pituitary cells is increased by previous exposure of the cells to LHRH. Assuming that the greater frequency of episodic LH releases observed in nonsuckled cows results from more frequent releases of LHRH, pituitaries of nonsuckled cows receive more LHRH "priming" than do those of suckled cows and may have greater releasable pools of LH as a consequence.
Our results indicate that FSH secretion is not limited by suckling and therefore probably is not a limiting factor in resumption of cyclicity in postpartum cattle. In addition, the differential effects of suckling on LH and FSH secretion indicate a degree of specificity of this stimulus on pituitary gonadotropin secretion. FSH concentrations reported in table 1 are similar to those reported by Dobson (1978) for milked Holstein cows during the postpartum period and during the luteal phase of an estrous cycle. Hyperprolactinemia induced by suckling has been implicated as a c~use of anovulation postpartum in other species, but not in cows. Thus, procedures that decrease prolactin concentrations in blood have not been effective in shortening the interval to first postpartum ovulation in cattle (Clemente et al., 1978; Williams and Ray, 1978) , In addition, Carruthers and Hat's (1980) reported that ad libitum suckling did not change basal or milking-induced concentrations of prolactin in serum. Further, suckling by two calves did not increase prolactin secretion over that of controls in the present experiment. Collectively, these results provide convincing evidence that prolactin does not play a role in resumption of estrous cycles in postpartum COWS.
Concentration of progesterone, estradiol-17~ and glucocorticoids in serum were not affected by suckling. No corpora lutea were found at slaughter in these cows, and progesterone concentrations were probably too low (<.5 ng/ml) to exert a physiological influence throughout the experiment. Estradiol has been shown to enhance LH response to LHRH in cattle both in vivo (Beck and Convey, 1976) and in vitro (Padmanabhan et al., 1978) , but it does not appear that suckling acted to inhibit LH secretion by altering serum estradio1-1713 concentrations. Thus, estradiol-17~ concentrations in serum were consistently low (2 to 6 pg/ml). In agreement with the reports of Wagner and Oxenreider (1971) and Carruthers and Hafs (1980) , there was no support in this experiment for a role of adrenal glucocorticoids in the effect of suckling on postpartum LH secretion.
Present results demonstrate that frequency and amplitude of episodic LH secretion and amount of releasable LH in the pituitary are reduced by suckling. On the basis of these observations, we hypothesize that suckling prolongs the interval of postpartum anestrous and anovulation by reducing frequency and perhaps amplitude of LHRH secretion. As a consequence of reduced LHRH secretion, LHRH "self-priming" is reduced, which decreases the releasable pool of LH in the pituitary and frequency and magnitude of episodic LH release. The end result of the suckling-induced reduction in episodic LH secretion is a delay in ovarian follicular maturation and prolongation of the interval of postpartum anovulation.
Appendix A
Bovine FSH was quantified by a homologous radioimmunoassay with antiserum (rabbit antibovine FSH-B2) and highly purified bovine FSH (FSH-HS-2) generously provided by Dr. K. W. Cheng. The assay was performed as previously described (Cheng, 1978) , with three modifications: (1) purified bovine FSH was iodinated with chloramine-T, as described by McCarthy et al. (1979) , rather than lactoperoxidase; (2) total sample volume of 500//1 was used for all standards and unknowns, and (3) normal rabbit serum was included with the first antibody rather than being added separately at the time of second andbody addition.
Total binding and nonspecific binding in the FSH radioimmunoassay averaged 21.4 + 1.1% and 1.2 + .1% (mean + SE, n=8) of the total count tubes. The 80, 50 and 20% intercepts of the standard curve were 4.6 +-.4, 25.0 +-1.0 and 120.7 + 6.2 ng of FSH-NIH-B1/tube (n=8). Sensitivity of the assay was approximately 2 rig/tube of FSH-NIH-B1 equivalents, as determined by the lower limit of the 95% confidence interval on the total binding tubes. Appendix figure 4 demonstrates the parallelism between serial dilutions of various sera, media, pituitary extract and the reference standard. Cross-reactivities in the assay (not shown) were similar to those reported by Cheng (1978) . Assay recovery of FSH-NIH-B1 added to bull serum averaged 96.1% over a range of 10 to 160 gl of serum. High (133.5 ng/ml) and low (57.1 ng/ml) standard sera had interassay coefficients of variation of 15.8 and 15.1%, respectively, and intraassay coefficients of variation of 11.2 and 13.2%. 
